We have measured the impulse response of InP :Fe photoconductors to mode -locked dye laser excitation.
Introduction
In recent years, bulk semiconductor photoconductors have found increasing interest for applications as picosecond optoelectronic pulsersc sampling gates, and detecto s.l'2 Because of its high carrier mobility (up to 4000 cm /V -s), high resistivity (>10q&-cm), and relatively short carrier lifetime ( <1 ns), Fe-doped, semi -insulating InP is an attractive material for these applications.
Leonberger and Moulton3 reported the first observation of fast photoresponse in this material. We reported a response of ti100 ps, which was controlled by a bulk mechanism :4 later we achieved photoconductive gain greater than unity.' Downey et al. 6 recently measured photoresponse in InP:Fe devices by autocorrelation. In this paper, we report the bias, excitation, and Fe concentration dependence of impulse response in photoconductors fabricated from InP:Fe. we also report optical electronic autocorrelation measurements of impulse response in this material.
Comparison of photoconductors with photodiodes
An important difference between photoconductors and photodiodes is the mechanisms that determine their response speed.
In photodiodes, response speed is determined by the transit time of free carriers between the device electrodes.
Response is dependent on the electric field between the electrodes and, thus, on the applied bias.
Also, only one (or at most two) charges can be delivered to an external circuit by the photodiode for each photon incident on the device active area (unless avalanche multiplication of carriers is used, which introduces noise and limits speed).
In photoconductors, response speed is controlled by bulk recombination of free carriers in the semiconductor.
Thus, speed is independent of both the spacing between the electrodes and the bias.
There are two resultant advantages of using photoconductors rather than photodiodes.
First, photoconductive gain (delivering more than one charge to an external circuit per incident photon) is possible.
Second, the photoconductor can be used as an optically activated electronic sampling gate.
The principal advantage of photodiodes compared to photoconductors is that speed is achieved by simply placing the electrodes close together without changing any material property.
A challenge to obtaining useful high -speed photoconductors is controlling carrier recombination and, thus, response speed in the host material without limiting carrier mobility. In this work, we show that InP:Fe has an excellent combination; of short carrier lifetime and high carrier mobility.
Experimental
We have studied bulk -grown, Fe -doped semi -insulating InP with a bulk resistivity of 2 x 107 B -cm.
We used material cut from several different wafers.
For each wafer, the Fe concentration was determined by secondary -ion mass spectroscopy (SIMS) analysis.
Crystals 5-x 1-x 0.5 -mm were cut from the wafers.
Thermally evaporated and sintered (425 °C) AuGe contacts (88% Au, 12% Ge) were formed on the crystals with contact spacings of 0.5 mu.
The finished devices were mounted in 50 12 microstrip transmission lines formed on 1 -mm alumina substrates.
The InP:Fe devices (Fig. 1) replaced the center conductor in the transmission lines.
Microstrip to coaxial transitions were made with SMA bulkhead connectors at 2.5 cm from either side of the InP :Fe device.
Impulse response measurements were performed on these devices with a synchronously pumped, mode -locked dye laser that produced 15 -ps pulses of either 600-or 780 -nrm wavelength at a 4 -MHz repetition rate. Impulse response of the InP:Fe photoconductors was measured with both sources using a 30 -ps risetime sampling oscilloscope.
In most cases, 50 traces were averaged.
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Impulse response results
We measured the impulse response of InP:Fe photoconductors using crystals with various Fe concentrations under various bias and excitation conditions. The voltage risetime is limited only by the excitation source and the bandwidth of the measurement. The pulse full -width at half maximum (FWHM) is a measure of the photoconductor response speed.
For the data reported, the voltage risetimes ranged from 50 to 60 ps
For detector applications, devices should have current response proportional to light intensity and response speed independent of light intensity. Figure 3 summarizes impulse response data showing these dependences for InP:Fe photoconductors.
The devices do indeed show the linear response and excitation -independent speed required for fast photodetector applications.
For sampling gate applications, devices should have current response proportional to bias and response speed independent of bias. Figure 4 summarizes impulse response data showing these dependences.
Over the range of these measurements, we fine: the desireo linearity of response and bias -independent speed required for fast sampling gate applications.
The data for Figures 2,3, and 4, were taken with the same InP:Fe device, which had an Fe concentration of 4 x 1016 cm-3 determined by SIMS analysis. we also measured impulse response on devices fabricated from seven other wafers. These devices showed a systematic variation in response speed with Fe concentration measured using SIMS.
The results of these impulse response measurements are summarized in Figure 5 .
One readily notices a trend of increasing response speed with increasing Fe concentration in the InP crystals. These results suggest that an approach such as that described by Hwang et al.7 may be appropriate to describe photoconductive response in InP :Fe.
Autocorrelation measurement of InP:Fe impulse response
A complementary measurement to the conventional sampling oscilloscope measurement of impulse response in photoconductors is optical electronic autocorrelation.
In autocorrelation, two identical photoconductors are connected in series, the first acting as a light detector and the second as a sampling gate.
This measurement technique was first used by Auston et al.8 The configuration of the detection and sampling photoconductors is shown in Figure 6 .
There are two gaps in the AuGe contact metallizations on the InP crystal; the first gap is the detector and the second is the sampler.
There are transmission line connections to ground from the contact region between the two gaps. A short light pulse incident on the first gap produces an impulse voltage to the second gap.
Another light pulse incident on the second gap causes this impulse voltage to be sampled. The timing between the pulsing by the first gap and the sampling by the second gap can be controlled very precisely if one begins with a single light pulse and splits it with a beam splitter.
Then, varying the difference in optical path length of these two optical pulses to the photoconductor gaps can be used to change the relative timing of the pulsing and sampling functions.
The average current through the autocorrelation structure:
varies as
where V(t) is the impulse response of a single photoconductor and 6 is the relative delay between the pulsing and sampling functions. The autocorrelation is symmetric and has a width consistent with the sampling oscilloscope measurements. Downey et al. 6 have reported asymmetric autocorrelation measurements on InP photoconductors in contrast to our result.
They attributed this result to poor electrical contacts that caused the devices to respond differently to pulsed and dc biases.
In our devices, we see no difference between pulsed and dc biases probably because we used AuGe metallizations sintered at 425 °C; (Downey et al used unsintered Au metallizations.) we found previously that these AuGe contacts were necessary to achieve photoconductive gain. For detector applications, devices should have current response proportional to intensity and response speed independent of light intensity. Figure 3 summarizes impulse response data showing these dependences for InP:Fe photoconductors. The devices do inueeu show the linear response and excitation-independent speed required for fast photodetector applications .
Over the range of these measurements, we fine! the desireu linearity of response and bias-independent speed required for fast sampling gate applications .
The data for Figures 2,3, and 4, were taken with the same lnP:Fe device, which haci an Fe concentration of 4 x 1Q16 cm~3 determined by SIMS analysis, we also measured impulse response on devices fabricated from seven other wafers. These devices showed a systematic variation in response speed with Fe concentration measured using SIMS.
One readily notices a trend of increasing response speed with increasing Fe concentration in the inP crystals. These results suggest that an approach such as that described by Hwang et al. 7 may be appropriate to describe photoconductive response in InP:Fe.
Autocorrelation measu r erne n t of InP : F e i mp u 1 s e response
in autocorrelation, two identical photoconductors are connected in series, the first acting as a light detector and the second as a sampling gate.
This measurement technique was first used by Auston et al.8 The configuration of the detection arid sampling photoconauctors is shown in Figure 6 .
There are two gaps in the AuGe contact metallization on the InP crystal; the first gap is the detector and the second is the sampler. There are transiaission line connections to ground from the contact region between the two gaps.
A short light pulse incident on the first gap produces an impulse voltage to the secona gup. Another light pulse incident on the second gap causes this impulse voltage to be sampled. The timing between the pulsing by the first gap and the sampling by the second gap can be controlled very precisely if one begins with a single light pulse and splits it with a beam splitter. Then, varying the difference in optical path length of these two optical pulses to the photoconductor gaps can be used to change the relative timing of the pulsiny and sampling functions. The average current through the autocorrelation structure: varies as lavg a I V(t)V(t + 6) dt , where V(t) is the impulse response of a single photoconductor and 6 is the relative delay between the pulsing and sampling functions. Downey et al. 6 have reported asymmetric autocorrelation measurements on InP photoconductors in contrast to our result. They attributed this result to poor electrical contacts that caused the devices to respond differently to pulsed and dc biases.
in our devices, we see no difference between pulsed and dc biases probably because we used AuGe metallizations sintered at 425°C; (Downey et al used unsintered Au metallizations.) we found previously that these AuGe contacts were necessary to achieve photoconductive gain.1
Conclusion
We measured impulse response in InP:Fe photoconductors and found that these devices have desirable characteristics for applications as fast optical detectors and as fast sampling gates.
Sensitive response from %65 to ',400 ps was observed in crystals with varying Fe concentrations.
Optical electronic autocorrelation measurements of response in these devices were consistent with sampling oscilloscope measurements. Auston The crystal replaces the center conductor for 5 mm on the 50 -0 transmission line. The microstrip is on a 1 -mm -thick alumina substrate, and the center conductor width is also 1 mm (not drawn to scale). Connection from the photoconductor to the microstrip is made with a conductive silver paint (not shown).
AuGe contacts are formed on the photoconductor surface to make an active area of 1-x 5 -mm. The microstrip is on a 1-mm-thick alumina substrate, and the center conductor width is also 1 mm (not drawn to scale). Connection from the photoconductor to the microstrip is made with a conductive silver paint (not shown).
AuGe contacts are formed on the photoconductor surface to make an active area of 1-x 5-mm. Averaged impulse response transient from an InP:Fe photoconductor.
Excitation was with 15-ps, 600-nm pulses of ^50-pJ energy, producing an approximate electron-hole pair density in the InP of 2 x 1015 cm" 3 .
Bias was 300 v.
Data were recorded with a 30-ps risetime sampling oscilloscope. FWHM taken from the same impulse response transients as data in (a). Autocorrelation measurement of impulse response from the structure shown in Figure 6 . The 1/e half -width is 101 ps, which corresponds to a FWHM impulse response of 1,70 ps (assuming exponential decay).
The laser pulse energy was 1,20 pJ; wavelength was 600 nm; pulse duration was 0.2 ps; and bias was 30 V. InP:Fe photoconductors in autocorrelation structure. The InP crystal is 5 mm long and replaces the center conductor in a 50 ft microstrip transmission line. The crystal has AuGe contacts with two gaps, each 25 ym wide.
The area between the gaps replaces the center conductor of another 50 ft microstrip line perpendicular to the primary line. Contacts between the photoconductors and the microstrip lines were made with a conductive silver paint (not shown). Autocorrelation measurement of impulse response from the structure shown in Figure 6 . The 1/e half-width is 101 ps, which corresponds to a FWHM impulse response of ^70 ps (assuming exponential decay).
The laser pulse energy was %20 pj; wavelength was 600 nm; pulse duration was 0.2 ps; and bias was 30 V.
